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[1] During 10–12 May 1999, the solar wind density dropped to an anomalously low
value of �0.1 cm�3. The density depletion occurred in the midst of relatively slow
wind flow, in between faster flows, and was apparently associated with neither a coronal
mass ejection nor a fast corotating stream. While the magnetic field intensity did not
show any notable variation across the density depletion, plasma analyzers on the ACE and
Wind spacecraft revealed an abnormally strong nonradial flow component with an
azimuthal speed that peaked at �100 km s�1. Usmanov et al. [2000b] suggested that the
density anomaly was, in fact, a rarefaction at the trailing edge of relatively fast flow that
formed as a result of suppression of coronal outflow from a region that earlier provided fast
wind flow. The suppression in turn may have resulted from a rapid restructuring of solar
magnetic fields during the polar field reversal. Here we show results from a two-dimensional
time-dependent MHD simulation applied to the helioequatorial plane. The initially
longitude-independent Parker solar wind and Archimedean spiral magnetic field are
disturbed by a low-velocity/high-density jump on an inner computational boundary at
20 R�. We follow the development and propagation of the rarefaction to Earth orbit and
compare pseudo-time series with near-Earth spacecraft measurements. We show that a
strong rarefaction can develop behind the fast flow and that simulation results and
spacecraft observations are generally in agreement. The simulated radial magnetic field
shows a relatively small variation across the density anomaly compared with that of the
density. The stream interaction generates strong azimuthal velocities in the slow flow
region, as observed. The simulation shows a sub-Alfvénic flow region embedded within
the low-density region that does not extend all the way back to the Sun but which has
become disconnected as the depletion propagates to Earth orbit. We discuss also the
correlation between low-density and sub-Alfvénic events in the solar wind as inferred
from spacecraft observations using the OMNI 2 data set from 1963 to 2003.
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1. Introduction

[2] On 10–12 May 1999, the ACE and Wind spacecraft
observed extremely rarefied solar wind with a density that
fell to �0.1 cm�3. The density depletion was embedded
within slow wind flow; Vsw ] 350 km s�1. The flow was
also highly nonradial, deviating by up to �20� toward the
direction of Earth’s orbital motion [Usmanov et al., 2000b].
Surprisingly, the magnetic field showed little if any variation
during the event; however, a sector boundary was observed

shortly thereafter. The exceptionally low densities produced
unusually low Alfvén Mach numbers and, combined with
the low speed, caused the solar wind ram pressure to drop to
�0.02 nPa (�1% of its typical value). This pressure drop
along with the low Alfvén Mach numbers profoundly
affected the Earth’s magnetosphere and caused the bow
shock to inflate to the orbit of the Moon [Lazarus, 2000;
Fairfield et al., 2001]. Another extraordinary aspect of the
event was that the solar wind speed dropped below the
Alfvén speed, i.e., the solar wind became sub-Alfvénic for
at least 2 hours. Interplanetary scintillation (IPS) observa-
tions of the interplanetary plasma during this time period
[Balasubramanian et al., 2003; see also Vats et al., 2001]
showed that solar wind densities at heliocentric distances
from 0.2 to 1 AU were globally reduced and that the
decrease was accompanied by a noticeable drop in solar
wind speed. Smith et al. [2001, 2004] found that in addition
to the nearly constant magnetic field, the ‘‘void’’ had an
unusually low level of magnetic fluctuations, suggesting its
relative isolation from sources of such fluctuations.
[3] The density of steady solar wind is usually inversely

correlated with its velocity: slow wind is associated with the
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heliospheric plasma sheet and is therefore relatively dense;
fast wind, which originates in coronal holes, is usually more
tenuous. A consequence of this anticorrelation is that the
mass flux is much less variable than either speed or density
alone [Phillips et al., 1996; McComas et al., 2000]. Owing
to solar rotation, fast and slow flows can become radially
aligned and can then interact to produce ‘‘corotating
interaction regions’’ (CIRs) consisting of a compression
region at the trailing edge of the slow stream and a
rarefaction region at the trailing edge of the fast stream
[e.g., Hundhausen, 1972; Pizzo, 1978]. Compressions and
rarefactions are also generated by transient flows such as
coronal mass ejections (CMEs), explosive releases of
material from the corona that propagate like pistons
through slower ambient wind and create compression
regions by accumulating the material ahead of them and
leaving rarefactions behind [e.g., Gosling, 2000]. The
rarefaction of May 1999 appears to be associated with
neither a CIR nor a CME [Richardson et al., 2000].
[4] Usmanov et al. [2000b] found that the low-density

event of 10–12 May 1999 occurred just at the beginning of
a period of the polar field reversal on the Sun. They
suggested that the quick restructuring, which is character-
istic of periods of field reversal, could lead to a suppression
of the coronal outflow from the region that had earlier
served as a source of relatively fast flow and could also lead
subsequently to the density depletion that inevitably builds
up if a fast flow is followed by slow flow. Coronal magnetic
field maps from the Wilcox Solar Observatory at Stanford
appear to support this idea by revealing a latitudinal
excursion of the neutral line (which is usually associated
with a source of slow wind near the heliospheric plasma
sheet) across the helioequator at appropriate longitudes [see
Usmanov et al., 2000b].
[5] A schematic picture to explain the basic idea which

we will further exploit in present paper is shown in Figure 1.
The left panel depicts an initial configuration with the
straight magnetic field and plasma flow lines. We assume
that the initial state transforms into the configuration shown
in the right panel due to emergence of a new active region
with bipolar magnetic field. The latter pattern is similar to
that of a coronal streamer [e.g., Pneuman and Kopp, 1971]
except that the magnetic field does not change polarity
above the closed field region. Plasma is flowing around this

region and forms a sheet of slower and more dense material
above it. The mass and magnetic fluxes are redistributed by
tangential flows so that the magnetic field and mass fluxes
at the outer boundary are much more constant than are the
density or speed [Usmanov et al., 2000a]. If the transfor-
mation between the patterns shown in Figure 1 occurs
quickly, we can expect a strong rarefaction to develop as
a result of the drop in outflow speed above the newly
created region of closed magnetic field.
[6] In the present paper we use MHD simulations to

investigate the hypothesis that such a mechanism (which
we will refer to as a ‘‘coronal outflow suppression’’) could
be responsible for the very strong and long-duration rare-
faction of May 1999. We solve the two-dimensional time-
dependent MHD equations to simulate the propagation of a
slow wind stream through a faster background and the
subsequent development of a density depletion in front of
the slow stream. It is important to note that in the present
study we do not initialize the transient disturbance by
simulating the transformation between the patterns shown
in the left- and right-hand panels of Figure 1, but instead
we place our inner boundary at r = 20 R� (R� is the solar
radius), which is well above the top of the patterns, and
study the effects of a low-velocity/high-density jump at this
boundary. We show that a strong rarefaction with an
embedded sub-Alfvénic region can indeed develop on the
trailing edge of a fast stream. Our comparison of the results
of the simulations with spacecraft data shows general
agreement both in plasma and magnetic field parameters.
[7] Starting from the pioneering work of Hundhausen

and Gentry [1969], numerous MHD studies have targeted
propagation of transients through the ambient solar wind. In
two- and three-dimensions such studies were carried out by,
e.g., De Young and Hundhausen [1971], Nakagawa and
Wellck [1973], Wu et al. [1983], Han et al. [1988], Mikić
and Linker [1994], Usmanov and Dryer [1995], Riley et al.
[1997], Hu [1998], Wu et al. [1999], Odstrčil and Pizzo
[1999], Groth et al. [2000], Odstrčil et al. [2002], and
Manchester et al. [2004]. A common feature of all those
studies is that they all considered propagation of fast
streams through slower backgrounds. Our approach is
different in that we deal with the evolution of a slow stream
on a faster background. A similar idea was exploited by
Gosling and Skoug [2002] to explain events wherein the
interplanetary magnetic field at a fixed point in space
remained nearly radial for many hours. To our knowledge,
the only computational effort with a slower transient on
faster background was that of Gosling and Riley [1996],
who simulated the acceleration of a slow CME by faster
ambient wind in one dimension.
[8] It is extremely unusual forMA to be less than 1, where

MA is the Alfvén Mach number. Observations near 1 AU
show that solar wind is typically highly super-Alfvénic. It is
only on very rare occasions that the number has dropped to
the values of order 1 and below. In particular, Gosling et al.
[1982] showed that during the low-density events of 4 July,
31 July, and 22 November 1979, the solar wind became
sub-Alfvénic. In this study we have used the recently
released OMNI 2 spacecraft data compilation for 1963–
2003 to select intervals with abnormally low densities and
MA < 1. We also discuss the apparent correlation between
minimumMA and minimum densities for the selected events.

Figure 1. Schematic of a change in boundary conditions
near the Sun that might produce a low-density anomaly.
Magnetic field lines are shown with the solid lines and flow
lines with the dashed lines.
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[9] The outline of the paper is as follows: In section 2 we
describe the governing equations and discuss in detail the
initial and boundary conditions used. The simulation results,
including comparison of pseudo-time series with near-Earth
spacecraft observations, are presented and discussed in
section 3. Section 4 is dedicated to the selection and
analysis of spacecraft data for the low-density and sub-
Alfvénic events for the entire space era; this section presents
also contour maps describing the May 1999 event in terms
of the simulated Alfvén Mach number. Concluding remarks
are given in section 5.

2. Model Formulation

[10] We describe solar wind plasma by single-fluid,
polytropic MHD equations in the frame of reference coro-
tating with the Sun and assume that dissipation is negligible.
In a time-dependent formulation, the two-dimensional equa-
tions adjusted for the solar equatorial plane are [see, e.g.,
Nakagawa and Wellck, 1973]
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Equations (1)–(6) are written in spherical coordinates with
the independent variables being the time t, heliocentric
distance r, and longitude f. The dependent variables are the
mass density r, radial velocity ur, azimuthal velocity vf,
radial magnetic field Br, azimuthal magnetic field Bf, and
thermal pressure P. In addition, the azimuthal velocity in the
inertial frame is uf = vf + Wr, the number density n = r/mp,
the polytropic index is g, the gravitational constant is G, the
solar mass is M�, the solar sidereal rotation rate is W, and
the proton mass is mp.
[11] We solve (1)–(6) numerically on a grid of 122 � 94

points logarithmically spaced in the r direction [Usmanov,

1993] from the inner boundary at 20 R� to 1 AU and
uniformly spaced in the f direction from f = �3 to 183�.
The radial grid spacing increases linearly with r from 0.4 R�
at the inner boundary to �4 R� at 1 AU. The spacing in the
azimuthal direction is 2�. For the polytropic index g, we use
the empirical value of 1.46 inferred by Totten et al. [1995]
from Helios 1 observations.
[12] The ambient solar wind is assumed to be a radial,

azimuthally uniform Parker-type flow permeated by spiral
magnetic field. The reference values in the initial state at
r0 = 20 R� are the radial velocity u0 = 350 km s�1, electron
number density n0 = 1200 cm�3, temperature T0 = 1.25 �
106 K, and radial magnetic field B0 = 0.01 G. Using these
values, we integrated the steady one-dimensional equations
for mass, momentum, energy, and magnetic flux conserva-
tion outward along radius to obtain the following values at
1 AU: ur = 472 km s�1, n = 7.5 cm�3, T = 1.15� 105 K, and
Br = 8.4 nT. The azimuthal magnetic field Bf is computed
from the condition that velocity and magnetic field vectors
are parallel in the frame of reference corotating with the Sun
[Weber and Davis, 1967], i.e., vkB or Bf/Br = vf/ur. (The
fundamental assumption underlying this expression is the
absence of an electric field in the frame of reference
corotating with the Sun.) Provided that uf = 0 in the initial
state, Bf = �WrBr/ur. Sonic speed at the inner boundary in
the initial state (gkBT0/mp)

1/2, where kB is the Boltzmann’s
constant, is �120 km s�1 and the Alfvén speed VA0 =
B0[(1 + W2r0

2/u0
2)/4pr0]

1/2 � 630 km s�1. Thus the ambient
wind near the inner boundary is supersonic but sub-
Alfvénic. The resulting background solution is shown in
Figure 2 and is used as the initial (t = 0) condition in our
simulations of low-density transients.
[13] At t 
 0, we introduce a localized finite strength

disturbance on the lower radial boundary within a sector of
60� in longitude and centered at f = 120�. Figure 3 shows
the variation of velocity and density imposed at r = 20 R�.
The velocity perturbation is specified as

ur ¼ u0 � Du
sin pxð Þ
px

	 

;

where

x ¼ f� f0

Df
; jxj � 1;

Du = 300 km s�1, f0 = 120�, and Df0 = 30�; that is, the
velocity drops from 350 to 50 km s�1 in the center of
the disturbance. We take the mass flux and plasma
pressure P to be the same in the ambient and disturbed
flows. Thus (1) the density anticorrelates with the velocity
and peaks at �84800 cm�3 to satisfy the constant mass
flux condition nur = n0u0, (2) the plasma temperature
variation is similar to that of velocity so that nT = n0T0. We
assume also that the jump in the boundary conditions for
ur, n, and T is not instantaneous but takes 1 hour of linear
change between the ambient wind and disturbed param-
eters. Similar to the plasma pressure P, Br is kept fixed at
the initial values for the entire simulation time. Meantime,
because the flow is sub-Alfvénic at the boundary, one of
the dependent variables should be determined from the
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solution near the boundary using the so-called compatibility
relation along the characteristic coming to the boundary
[e.g., Nakagawa and Steinolfson, 1976; Steinolfson and
Dryer, 1984]. It was shown by Nakagawa and Steinolfson
[1976] that the compatibility relation can be successfully
replaced by linear extrapolation back to the boundary. In
the present work, we choose to obtain the boundary
values of uf from the extrapolation. Finally, the
boundary values of the azimuthal magnetic field Bf
are computed from the condition vkB in the rotating frame:
Bf = (uf � Wr)Br/ur.
[14] Periodic boundary conditions are imposed at the

azimuthal edges of the mesh, while simple extrapolation
of zeroth order for conservation variables is employed at the
upper boundary at 1 AU. To integrate equations (1)–(6)
from t = 0 to 256 hours, we apply the explicit TVD Lax-
Friedrichs numerical scheme with the Woodward limiter
[Tóth and Odstrčil, 1996]. The solenoidal condition for the
magnetic field r � B = 0 is maintained using the Tóth’s
field-interpolated central difference scheme [Tóth, 2000].
The computations reported below involve several thousand
time steps and typically take about 20 min on a PC
computer.

3. Simulation Results

[15] Figures 4–6 present our simulation results for the
evolution of low-density transient generated by the jump to
lower velocity/higher density conditions at the inner bound-
ary. The contour maps of the radial velocity, ur, number
density, n, azimuthal velocity, uf, and plasma temperature,
T, are shown for t = 64, 128, and 256 hours in the frame of
reference rotating with the Sun. It is clearly seen that a

rarefaction region forms as a result of the coronal flow
suppression on the inner boundary. Low densities develop
in the leading portion of slow wind bubble and the low-
density region propagates outward relatively slowly, taking
about 5 days to reach 1 AU. The depletion becomes deeper
as it propagates outward.
[16] The contour plots of uf in Figures 4–6 show that the

low-density region is associated with a strong velocity
component in the corotation (i.e., positive in f) direction.
There are at least two mechanisms for the low-density low-
speed transient to acquire momentum in this direction. The
first and more obvious one is the pile-up of material at its
trailing edge where slow transient material is radially
aligned and is overtaken by faster ambient wind. To
illuminate this effect, we ran the same code for a purely
hydrodynamic case by setting the magnetic field (respon-

Figure 2. Contour plots of the radial velocity ur, number density n, Alfvén Mach number MA, and
temperature T in the ambient solar wind at t = 0h. The heliocentric distance is indicated in solar radii.
The magnetic field lines are superimposed on the ur map. The small circle on the outer boundary of
the density map marks the assumed location of the Earth as discussed in section 3.

Figure 3. Longitudinal variations of the radial velocity
ur and number density n introduced at the inner boundary
(r = 20 R�) at t = 0.
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sible for the second mechanism, see below) to zero. Figure 7
presents a color map of azimuthal velocity distribution at
t = 64 hours for this case. One can see that the increased
plasma pressure at the trailing edge of the transient produce
nonradial flows in the corotation direction. These pressure-
driven flows relieve the stresses built up by stream

interaction and transport mass away from the compression
region into the rarefaction region inside the transient [cf.
Pizzo, 1978]. There exist also two regions of negatively
directed flows which are relatively weaker. The first region
forms behind the strongest compression at the trailing edge
where the nonradial flows work to reduce pressure

Figure 4. Contour plots of the radial velocity ur, number density n, azimuthal velocity uf, and
temperature T for t = 64h. The heliocentric distance is indicated in solar radii. The magnetic field lines are
superimposed on the ur map. The small circle on the outer boundary of the density map marks the
assumed location of the Earth.

Figure 5. The same as in Figure 4 for t = 128h.
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gradients between the compression and the following
ambient wind. The other extended region of negatively
directed flows is associated with a pressure gradient
between the ambient wind and following low-density
transient.
[17] The second mechanism for generating a strong

positive uf inside the transient is the following: Owing to
the very low density of plasma, the effect of the magnetic
field on the outstreaming flow is much more important than
it is for the ambient wind. Calculation of the Alfvén Mach
number (see Figure 11 in section 4 below) shows that the
flow inside the transient is sub-Alfvénic so that the kinetic
energy density is less than the magnetic energy density. This
situation is similar to the one close to the Sun where the
flow is sub-Alfvénic, the magnetic field is dominant, and
the flow is forced to conform to the magnetic field. That
means in particular that near the Sun the coronal plasma
tends to corotate with the Sun [Weber and Davis, 1967].
The effect of corotation is most important inside the
region where coronal outflow is sub-Alfvénic and then it
drops with the distance to become very small by 1 AU
(�1 km s�1 [see Weber and Davis, 1967]). The extension
of the sub-Alfvénic regime into the distant solar wind by
the low-density transient implies that the effect of corotation
also extends much farther from the Sun than in typical solar
wind. We believe that this effect is the second source of the
strong azimuthal velocity within the transient that we see in
Figures 4–6 and that was actually observed during the May
1999 event.
[18] Another prominent feature of the simulated transient

in Figures 4–6 is the near absence of perturbations in
magnetic field structure. The magnetic field preserves its
initial Archimedean spiral form while responding to slow
speeds within the transient by forming a slightly larger
inclination of the lines of force to the radial direction.
Clearly, this behavior is another consequence of the fact

that the transient’s magnetic energy density is of order or
even higher than the kinetic energy density. This prevents
magnetic field from significant distortion and is clearly
unlike what happens in an opposite (i.e., usual) case when
fast-moving transients plough into a low-speed background.
In the latter case, the pile-up of material and magnetic field
ahead of ejecta would lead to very sharp perturbations in the
plasma and magnetic field parameters and to the formation
of a shock [e.g., Wu et al., 1983]. We have already noticed
that spacecraft observations did not show any sharp varia-
tions in magnetic field during May 1999 event, so our
simulation results appear to be in agreement with those
observations.
[19] The modulations introduced near the Sun propagate

outward to 1 AU in the form of a slow-moving low-density
transient. Eventually, the transient drifts out of the compu-
tational domain leaving behind itself a slow-wind stream,

Figure 6. The same as in Figure 4 for t = 256h.

Figure 7. Results of a purely hydrodynamic run, i.e., the
parameters are the same as in the previous run, but the
magnetic field has been set to zero. The two-dimensional
color contour of azimuthal component of velocity, uf, is
shown at t = 64h.
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which is steady in the rotating frame and corotates along
with the ambient wind (see Figure 6). The entire process
thus can be considered as the birth of a slow corotating
stream from a faster background. A schematic and descrip-
tion of stream interaction for such corotating structure
consisting of a slow wind flow in between faster flows
was given by Usmanov et al. [2000b] (see their Figure 4).
[20] The results obtained thus far appear to be in quali-

tative agreement with observations during the May 1999

event. To attempt a more quantitative comparison, we
modified our code by including a variation in Br in the
inner boundary and initial conditions so that the sector
boundary observed on 12 May shortly after the density
depletion could be reproduced. Instead of assuming a
longitude-independent Br, we chose it to have the form of
Br = B0(r/r0)

2tanh[(f � fs)/Dfs], that is with a smooth
change of the sign at fs = 95� and with halfwidth of the
transition Dfs = 10�. The azimuthal magnetic field Bf was

Figure 8. Comparison of OMNI 2 1-hour spacecraft data (solid lines) and simulated profiles (dashed
lines) for a time interval around 10–12 May 1999 low-density anomaly.
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again set to be independent of longitude and to have a zero
value in the initial state. Apart from the modified magnetic
field, all other variables and conditions were the same as
before.
[21] To superpose the results of the run with sector

boundary and the data from Earth-orbiting spacecraft, we
have to select values of two parameters: the position of
the Earth with respect to the simulated transient and a
time interval from the simulation run to compare with
spacecraft observations. After numerous experiments with
time delays and Earth’s locations relative to the distur-
bance, we found that a best fit to spacecraft data
corresponds to the initial position of Earth at f =
112� (i.e., 8� east of the center of the disturbance) and
to arrival of the depletion to Earth’s vicinity at t �
90 hours after initialization of the disturbance. The Earth’s
initial location (see Figure 2) determines its trajectory
as it moves through the propagating disturbance (see
Figures 4–6) due to solar rotation and its own (relatively
slow) orbital movement, while the choice of time interval
serves for synchronization of the time series simulated
and observed.
[22] Figure 8 shows simulated profiles versus OMNI 2

hourly averaged data. In general the computed profiles
bear some resemblance to the observations. In particular,
the overall pattern of density, consisting of the strong
rarefaction and subsequent compression, and also its
duration and intensity are reproduced fairly well. The
rarefaction-compression pattern corresponds to a ‘‘valley’’
perturbation in the radial velocity with a leading near-
linear decrease from 470 to 330 km s�1 during the
rarefaction and following symmetric recovery during the
compression phase. On the whole, the simulated variation
of ur seems to be similar to that measured with the striking
exception of a ‘‘wave-packet’’ variation with two higher-
speed streams observed on 12 May which clearly drops
out of the ‘‘valley’’ pattern and have no explanation in
frame of our simulation example. The computed azimuthal
velocity uf peaks at �80 km s�1 and its pattern roughly
resembles spacecraft data.
[23] A similar degree of resemblance is evident for the

magnetic field components, with a somewhat better result
for Bf than for the magnitude of Br, which appears to be
consistently higher than that observed. The spacecraft data
show that the sector boundary of 12 May was complex and
included multiple field reversals. It is interesting that Br

exhibits a similar ‘‘wave-packet’’ variation and strongly
anticorrelates with ur on 12 May. In fact, the normalized
cross helicity for the Br and ur components is nearly
maximal, i.e., �1. That might indicate that this large
fluctuation is Alfvénic. However, the correlation of the
transverse components is not nearly as large, so the
fluctuation is not a classical Alfvén wave. In contrast to
the complex behavior of the observed magnetic compo-
nents, the simulated profiles of Br and Bf are smooth and
show only a single current sheet crossing late on 12 May.
The computed patterns of MA and P also appear to agree in
general with the observations, but the simulated value of T,
while being of right order of magnitude, is clearly out of
phase and deviates strongly from the measurements. We
believe that the discrepancy in temperature comes from our
choice of boundary conditions at 20 R� and a that different

condition for temperature could perhaps provide a better fit
to the observations.

4. Low-Density and Sub-Alfvénic Events in the
Solar Wind

[24] To gain some insight into the 10–12 May 1999
event in a broader context, in this section we present an
outlook of low-density and sub-Alfvénic events which
have been observed during last 4 decades. Our analysis
differs from similar statistical studies of Ipavich et al.
[1998] and Richardson et al. [2000], as we select only a
small number of most prominent events (n � 0.3 cm�3)
and do not restrict ourselves to a particular time interval.
Our focus is on sub-Alfvénic events that are mostly a
subset of low-density events. Also, in this section we
show additional simulations of MA for the May 1999
transient.
[25] Figure 9 shows occurrence rates of the Mach M and

MA numbers computed using the NSSDC OMNI 2 data set
that currently comprises hourly values of interplanetary
plasma and magnetic field measurements taken by near-
Earth spacecraft from 1963 to 2003. The average values of
M and MA are 9.6 and 8.4, respectively. For the whole space
era, we have not found a single example of subsonic flow
(the record minimum of M = 1.87 was observed on 15 June
1991), but there were 11 events when the solar wind became
sub-Alfvénic for a period from 1 to 25 hours. Only one of
those events (6 June 1979) was due to an extremely strong
magnetic field of 36 nT. The other ten were associated with
low-density events, including those of July and November
1979, which were identified and described by Gosling et al.
[1982] as examples of sub-Alfvénic solar wind [see also
Crooker et al., 2000].
[26] To further study the association of low-density events

with sub-Alfvénic flows, we scanned through the OMNI 2
spacecraft database and selected all events with abnormally
low densities of 0.3 cm�3 or smaller. Table 1 presents a list
of these 23 events, providing the date and hour of the
beginning of the events. Also listed for each event are
Carrington rotation number, minimum density rmin and
minimum Alfvén Mach number, MAmin, observed, and the

Figure 9. Occurrence rate of the Mach M and Alfvén
Mach MA numbers in the solar wind computed from the
hourly OMNI 2 data set for 1963–2003.
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number of hourly intervals (NOP) for which n � 0.3 cm�3.
The latter number provides an assessment of the importance
of each event and clearly singles out the most outstanding
depletions of 1979, 1999, and 2002. Nine of 11 sub-
Alfvénic events appear on this list of very low density
anomalies; the appropriate MAmin numbers are marked out
by boldface in Table 1. One of the events (19 June 2001),
which does not appear on the list, took place during a
moderate rarefaction of 0.6 cm�3 and relatively strong
magnetic field of 16 nT. The second one of 6 June 1979
was not accompanied by a noticeable rarefaction and (as
mentioned before) was a result of extremely intensive
magnetic field.
[27] It is evident from Table 1 that the very low density

events reveal a tendency to occur around solar activity
maxima. A similar conclusion was drawn by Richardson
et al. [2000] from their analysis of solar wind events with
n � 1 cm�3. We should note this fact appears to support
our hypothesis that low-density events are associated with
solar magnetic field restructuring which is especially
intense around solar maxima when polar field reversals
take place. It is also evident from Table 1 that lower
values of rmin tend to be associated with lower MAmin,
which is not surprising as MA � r1/2. Using data from
Table 1, Figure 10 depicts MAmin as a function of rmin
and shows even more clearly that the correlation between
MAmin and rmin is high.
[28] The 10–12 May 1999 event is thus just one of

several instances when the solar wind became sub-Alfvénic.
In connection with the 22 November 1979 event, Gosling
et al. [1982] suggested that the flow was sub-Alfvénic at
all radial distances from the Sun. Using our simulation
results, we can try to investigate this conjecture for the
May 1999 event. Figure 11 shows color maps of MA for
t = 64, 128, and 256 hours. There is a visible sub-
Alfvénic ‘‘tongue’’ extending outward from the Sun; then

it gets disconnected and moves outward embedded in the
low-density region.

5. Conclusions

[29] It is evident from this study that the essential features
of 10–12 May event (when the Earth was engulfed in solar
wind flow of such low density that the event has been
referred to ‘‘as the day the solar wind disappeared’’
[Lazarus, 2000]) can be successfully reproduced assuming
coronal outflow suppression. In this scenario, the solar
surface magnetic fields change in such a way that outflow
from a region that earlier was a source of fast flow is
partially suppressed. We show that a low-density transient
forms in front of the slow flow that emerges behind the
fast flow. Using a two-dimensional numerical MHD model,
we have shown that a very strong rarefaction with an

Table 1. All Events From the OMNI 2 Data Set With n � 0.3 cm�3

Date DOY Hour CRot NOP rmin MAmin

1969:03:25 84 21 1545 2 0.2 1.50
1974:05:06 126 22 1614 3 0.2 1.98
1977:10:19 292 20 1660 4 0.3 1.34
1978:09:29 272 19 1673 5 0.2 1.38
1979:07:04 185 8 1683 10 0.04a 0.36a

1979:07:31 212 8 1684 20 0.04a 0.33a

1979:11:22 326 21 1688 4 0.2 0.90
1981:10:16 289 14 1714 2 0.3 1.39
1997:02:10 41 8 1919 1 0.3 1.38
1998:05:05 125 7 1935 5 0.3 1.31
1999:04:27 117 2 1948 5 0.3 1.04
1999:05:11 131 5 1949 15 0.1 0.80
1999:06:28 179 10 1951 9 0.2 1.86
2000:03:29 89 8 1961 1 0.2 0.90
2001:04:30 120 17 1975 2 0.3 2.26
2001:05:31 151 11 1976 2 0.2 1.09
2001:09:08 251 19 1980 5 0.1 0.92
2001:11:07 311 7 1982 1 0.3 2.04
2002:03:20 79 12 1987 2 0.2 0.65
2002:05:23 143 22 1990 42 0.1 0.55
2002:07:19 200 17 1992 6 0.2 0.82
2003:02:01 32 15 1999 1 0.3 1.41
2003:07:06 187 21 2005 3 0.2 1.57

aThese values were inferred from 2-min ISEE-3 data set. That was done because the OMNI 2 densities contained a number of zero values for the two
events in 1979, a result of rounding off very small values to fit into a format that allowed only one position after decimal point (J. H. King, private
communication, 2004).

Figure 10. Lowest Alfvén Mach number MAmin versus
lowest density rmin.
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embedded sub-Alfvénic region develops on the trailing edge
of the fast flow.
[30] For a reasonable choice of plasma and magnetic

field parameters close to the Sun, the model appears to be
in agreement with the OMNI 2 spacecraft data. In partic-
ular, the radial magnetic field shows a relatively small
variation across the density anomaly, as observed during
May 1999 event. The model also reproduces the strong
azimuthal velocities observed in the slow flow region. Our
simulation also shows that the flow in the low-density
region can be sub-Alfvénic and that the sub-Alfvénic solar
wind may not extend back to the Sun but instead gets
disconnected as the low-density transient propagates out to
the Earth orbit.
[31] In conclusion, we note that these simulations show

that strong density depletions may result from a process that
suppresses outflow from a region of formerly fast flow,
which is opposite to the increase in speed that is character-
istic of CMEs. We suspect that such outflow suppressions
are not restricted to events of extremely low density but
might be a fairly common phenomenon.
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